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We report on the magnetic and magnetotransport properties of ferromagnetic semiconductor
(Ga,Mn)As modified by Ga+ ion irradiation using focused ion beam. A marked reduction in the
conductivity and the Curie temperature is induced after the irradiation. Furthermore, an enhanced
negative magnetoresistance (MR) and a change in the magnetization reversal process are also demon-
strated at 4 K. Raman scattering spectra indicate a decrease in the concentration of hole carriers
after the irradiation, and a possible origin of the change in the magnetic properties is discussed.
a) e-mail: hamaya@iem.titech.ac.jp
Hole-mediated ferromagnetic properties in III-V mag-
netic semiconductors have been intensively studied from
theoretical and experimental points of view.[1, 2, 3, 4,
5, 6] In order to use these materials in spin electronic
devices, a promising approach to manipulating the hole-
mediated properties is now required. In this study, we fo-
cus on Ga+ ion irradiation technique which has been used
for electronic modification of GaAs.[7, 8] Since Ga+ ion
irradiation generates deep trap levels,[9] Ga+ ion irradia-
tion technique using focused ion beam (FIB) is expected
to locally change the hole concentration of ferromagnetic
p-(Ga,Mn)As and the magnetic properties.
In this article, we report on a clear experimental
demonstration of modifying the ferromagnetic proper-
ties of (Ga,Mn)As using Ga+ ion irradiation. The Curie
temperature and conductivity are reduced after the ir-
radiation. Also, the magnetoresistance (MR) under high
magnetic fields is enhanced significantly, indicating an in-
crease in the magnetic fluctuation of (Ga,Mn)As. Analy-
ses of Raman scattering spectra reveal that the Ga+ ion
irradiation induces a marked reduction in the hole car-
riers, which is attributed to the formation of deep trap
levels.
A 100-nm-thick Ga0.946Mn0.054As epilayer was grown
on a GaAs(001) substrate using low-temperature molecu-
lar beam epitaxy at 235◦C. For transport measurements,
the epilayer was patterned into a rectangular bar struc-
ture (150 µm × 10 µm) with a long axis along [100] with
Ti/Au ohmic contacts using a combination of electron
beam lithography, wet-etching and lift-off method. Af-
ter magnetotransport measurements of a non-irradiated
sample, an area between the two voltage terminals of the
sample (10 µm × 10 µm) was irradiated by Ga+ ion beam
using HITACHI FB-2000A; a schematic diagram of the
irradiated sample is illustrated in Fig. 1. Ion irradiation
was carried out at an acceleration voltage of 30 kV and
a beam dose density of 4.0 × 1015 ion/cm2. To inves-
tigate the crystallinity and surfaces morphology in the
irradiated area, we used a high-resolution x-ray diffrac-
tomeater (HR-XRD) and an atomic force microscope.
Magnetotransport measurements were performed using a
standard four-point ac method and a magnetic field was
applied parallel to the current flow ([100]). To gain an
insight into the effect of ion irradiation, we measured Ra-
man scattering spectra using Ar+ laser at a wevelength
of 514.5 nm.
Figure 2 (a) shows the temperature-dependent resis-
tance (R − T curve) of both non-irradiated sample and
irradiated sample inH = 0 Oe and 90 kOe. Typical R−T
curves are observed for the non-irradiated sample[4] ; the
R−T curve in H = 0 Oe shows a maximum (Tp) at 70 K
which is close to the Curie temperature (Tc) of this sam-
ple. A negative magnetoresistance (MR) is seen in H =
90 kOe, and the largest MR occurs due to a large mag-
netic fluctuation at Tp. For the irradiated sample, the
conductivity is markedly reduced and the R − T curve
changes from a metallic behavior to an insulating behav-
ior. Also, a negative MR in H = 90 kOe is significantly
enhanced at a low temperature regime (T < 50 K), com-
pared with that of the non-irradiated sample. Defining
FIG. 1: Schematic diagram of the patterned sample with ir-
radiation of Ga+ ion beam.
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FIG. 2: ( a ) The temperature-dependent resistance and ( b
) field-dependent magnetoresistace of irradiated sample and
non-irradiated sample in zero field and a magnetic field of 90
kOe.
MR (%) as [(RH −R0)/R0] × 100, where RH and R0 are
the resistance in a magnetic field of H and zero field, re-
spectively, the negative MR (%) in H = 90 kOe increases
from − 13.7 % to − 67.6 % at 4 K after irradiation.
Figure 2 (b) shows the field-dependent MR of both
samples in a low-field regime at 4 K. The hysteresis
curve of the non-irradiated sample is similar to those re-
ported in our previous works,[10, 11] where the magne-
tization reversal process is governed by 90◦ domain wall
displacement associated with 〈100〉 cubic magnetocrys-
talline anisotropy. Abrupt MR jumps at H = ± 85 Oe
correspond to magnetization switching towards a direc-
tion perpendicular to the current flow, i.e., [010]. These
features clearly indicate a rapid magnetization reversal
via domain wall displacement. In contrast, the hysteresis
curve of the irradiated sample is changed dramatically. In
particular, the magnetization reversal process is likely to
be governed by magnetization rotation: no abrupt mag-
netization switching occurs although two MR peaks are
seen at the same field of ± 85 Oe. With increasing tem-
perature, the hysteresis behavior disappears at 35 K (not
shown), implying that Tc of the irradiated sample is ap-
proximately 35 K.
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FIG. 3: Raman spectra of a (Ga,Mn)As epilayer before
(dashed curve) and after (solid curve) irradiation. The mea-
surements were done after etching 50-nm-surface region of the
epilayer.
To examine the origin of the effect of Ga+ ion irra-
diation, we measure micro-Raman spectra of the irradi-
ated sample (solid curve) and the non-irradiated sample
(dashed curve) at room temperature (Fig. 3). Prior to
the measurement of Raman spectra, we confirmed that
∼ 2 nm from the surface was etched by the ion irradi-
ation. Since HR-XRD revealed that the crystal struc-
ture became disordered by the irradiation down to 30
nm from the surface and the remaining 70-nm-region has
the same crystal structure as the non-irradiated sample,
the Raman spectra were collected for both samples after
etching 50 nm from the surface to eliminate an influence
from the disordered region. The spectrum of the non-
irradiated sample shows two peaks even after the etching
as reported in a previous study of (Ga,Mn)As.[12] Since
probing light penetrates into the GaAs buffer layer, the
peak at 295 cm−1 originating from GaAs bulk is signifi-
cant. For the spectrum of the irradiated sample, on the
other hand, a significant decrease in the peak intensity
near 270 cm−1 is clearly seen and a small increase in the
peak near 295 cm−1 is also observed.
To assign the two peaks at 270 cm−1 and 295 cm−1,
we examine the Raman spectra of a semi-insulating GaAs
(i-GaAs) wafer and a p-GaAs (Zn-dope: p ∼ 1019 cm−3)
wafer before and after irradiation as shown in Fig. 4.
The surface of the irradiated samples were also etched by
50 nm before Raman measurements. For non-irradiated
i-GaAs, two peaks are observed at 265 cm−1 and 290
cm−1 as seen in the (Ga,Mn)As samples. These peaks
are assigned to transverse optical (TO) phonon mode and
longitudinal optical (LO) phonon mode at Γ point as in
literatures, respectively.[13] After irradiation, the basic
feature of both TO-phonon and LO-phonon modes does
not change, although the peak intensities are slightly de-
creased. This result indicates that a region with a de-
stroyed crystal structure due to irradiation is removed
3FIG. 4: Raman spectra of i-GaAs and p-GaAs wafers before
and after ion irradiation. The measurements were done after
etching 50-nm-surface region of the samples.
by pre-etching the surface.[14] On the other hand, the
feature of non-irradiated p-GaAs is significantly different
from those of i-GaAs: the peak at 265 cm−1 is larger
than that at 290 cm−1. Since the hole concentration is
1019 cm−3, plasma oscillation likely occurs in p-GaAs and
a coupled plasmon−LO-phononmode (CPLOM) appears
being overlapped with TO-phononmode at 265 cm−1,[15]
and the CPLOM reduces free LO-phonons at 290 cm−1,
accordingly.[16] After irradiation, CPLOM is reduced so
that the LO phonon mode is recovered, giving rise to a
spectrum similar to that of i-GaAs. This suggests that
Ga+ ion irradiation reduces the hole carrier and the cor-
responding plasma oscillation in p-GaAs.
From the results of Ga+ ion irradiation for p-GaAs, we
consider a possible origin of the irradiation effect on the
Raman spectrum of (Ga,Mn)As in Fig. 3. We can clearly
notice that the fact that ion irradiation on (Ga,Mn)As re-
duces the CPLOM at 265 cm−1 and increases LO phonon
mode slightly is similar to the results of p-GaAs in Fig.
4. This indicates that the hole carriers in (Ga,Mn)As
decrease after irradiation. A cause of the reduction of
hole carriers may be carrier trapping at trap levels in
the band gap of (Ga,Mn)As generated by Ga+ ion ir-
radiation. This description clearly gives a comprehen-
sive understanding of the magnetic and magnetotrans-
port properties shown in Fig. 2. Since the ferromag-
netism in (Ga,Mn)As occurs via p-d exchange interaction,
the reduction in the hole carrier should cause instability
of the ferromagnetism, leading to a reduction in the Tc
and thermal fluctuation even at low temperature. The
thermal fluctuation gives an enhancement in the nega-
tive MR in 90 kOe and changes MR curves as observed
in this study. The magnetization data are thus consis-
tent with our description that hole carriers are trapped
and the hole concentration is much reduced by ion irra-
diation. These result indicate that modification of the
ferromagnetism of (Ga,Mn)As can be achieved utilizing
ion irradiation.
We have demonstrated Ga+ ion irradiation on a
(Ga,Mn)As epilayer using focused ion beam. The ion ir-
radiation brought about an enhancement in the negative
MR and a change in the magnetization reversal process.
Micro-Raman measurements explain a decrease in the
free hole carriers by ion irradiation. The reduction of hole
carriers affects p-d exchange interaction in (Ga,Mn)As,
resulting in modification of the magnetic properties.
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